A practical, highly flexible and eco-friendly method has been developed for the synthesis of allyl thiosulfonates using Morita-Baylis-Hillman (MBH) allyl bromides and sodium arylthiosulfonates, which were readily assembled without any reagent/catalyst. Moreover, the allyl thiosulfonates were successfully transformed into a set of two synthetically viable diallyl disulfanes and unsymmetrical allyl disulfanes in the presence of Cs 2 CO 3 . The present protocols are operationally simple and convenient to generate a wide range of functionalized allyl thiosulfonates and allyl disulfanes in good to excellent yields.
Introduction
Organosulfur compounds have received much attention in recent years. 1 The direct construction of a carbon-sulfur bond is a potent method in modern organic synthesis.
2 Among a variety of organosulfur compounds, the thiosulfonates (RS-SO 2 R 1 ) 3 and the disulfanes (RS-SR 1 ) 4 are a privileged class of compounds and they serve as electrophilic sulfenylating agents in organic synthesis. Additionally, the thiosulfonates and the disulfanes have several advantages, which include being an odourless sulfur source, higher reactivity, and better stability than other frequently used sulfenylating agents. In general, the thiosulfonates have shown a broad spectrum of clinical properties like antiviral, antimicrobial and fungicidal activities.
5 A wide range of effective strategies have been established for the synthesis of S-aryl arenethiosulfonates. [6] [7] [8] Although the reactions of sodium thiosulfonates with alkyl halides have been studied, 9 a general method is still highly desirable. This fact motivated us to develop a new strategy for the synthesis of functionalized allyl thiosulfonates.
In contrast, the disulfanes also have signicant importance in pharmaceutical chemistry 10 and chemical biology.
11 The S-S bond plays an indispensable role in allium compounds 10a and disulram, 10b-d which act as anti-thrombotic and antialcoholic drugs (Scheme 1). Numerous synthetic methods have been reported, which rely on the oxidative coupling of thiols to construct the S-S bond.
12 However, these methods have some disadvantages, either they involve the tedious use of thiols or their equivalents or they are limited by commercial scarcity. Therefore, it is still necessary to develop a facile methodology for the synthesis of allyl disuldes from easily accessible starting materials.
According to retrosynthetic analysis, the proposed strategy has a great advantage of extensively available starting materials (Scheme 1). In fact, the allyl bromides can be derived from Morita-Baylis-Hillman (MBH) adducts 13 and sodium thiosulfonates easily prepared from sulnate salts.
14 In particular, the sodium thiosulfonate precursors are preferable to use as sulfenylating agents since they are bench stable and generally crystalline solids with low toxicity.
14b We have also envisaged that the allyl thiosulfonates would be converted into the corresponding unprecedented allyl disulfanes. In a continuation of our interest in organosulfur chemistry, 15 we decided to study MBH bromide with sodium thiosulfonate for direct C-S bond construction, which represents an interesting and challenging endeavour in organic synthesis. In this context, we disclose our ndings and report the scope for the synthesis of unsymmetrical allyl thiosulfonates and allyl disulfanes with a variety of substitution patterns.
Results and discussion
At the outset, optimization studies were undertaken (see ESI †) for the nucleophilic substitution reaction of (Z)-methyl 2-(bromo-methyl)-3-phenylacrylate (1a) with sodium thiosulfonate (2a) as a model substrate. To our delight, an excellent yield (94%) of the desired allyl thiosulfonate (3aa) was achieved with 1.5 equiv. of 2a in CH 3 CN at room temperature within 2 h. Then we explored a broad range of allyl bromides (1a-t) with sodium thiosulfonates (2a-d) for the synthesis of allyl thiosulfonates 3aa-tb (Table 1 ). In addition to 3aa, the 4-bromo and 4-chlorosubstituted allyl bromides (1b and 1c) readily reacted with 2a, giving the desired thiosulfonates (3ba-ca) in 89% and 84% yields, respectively. Various aryl-substituted MBH bromides (1a-h) smoothly reacted with sodium 4-methylbenzenesulfonothioate 2b to provide the desired products (3ab-hb) in 70-92% yield. The 2-naphthyl derived thiosulfonates (3ia and 3jb) were obtained in high yield under optimised reaction conditions. Heteroaryl derived allyl bromide (1k) also served as a good substrate, affording 3kb in 68% yield. Moreover, cinnamyl and isovaleraldehyde derived allyl bromides (1l-m) were also suitable substrates to produce the desired allyl thiosulfonates (3lb and 3mb) in high yields. The ethyl ester derived MBH bromides (1n and 1o) provided the corresponding products 3nb and 3ob in 78% and 72% yields, respectively. Disappointingly, the nitrostyrene derived bromide (1p) was sluggish to react with 2a. The substrate scope was further extended to acrylonitrile derived MBH bromides (1q-t). This successfully achieved the corresponding thiosulfonates (3qa/b, 3(r-t)b) in moderate to good yields with inseparable regioisomers (ESI †).
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Overall, these reactions were scalable to provide the desired allyl thiosulfonates with a little deviation in the outcome (ESI †).
Next, we explored the synthetic utility of readily accessible allyl thiosulfonates in organic synthesis. We desired to synthesise methyl 2H-thiochromene-3-carboxylate (4) 17 via the cyclization of 2-bromo derived thiosulfonate 3hb (Scheme 2). Unfortunately, we did not attain the anticipated cyclic product 4; however, other interesting allyl disulfanes were obtained under these conditions (Table 2 ). Hence, we directed our attention toward the synthesis of allyl disulfanes using allyl thiosulfonates.
Encouraged by this result, we commenced the optimization of reaction conditions using thiosulfonates 3ab ( Table 2 ). The use of CuI (10 mol%) and CuBr (10 mol%) with 1,10-phen (20 mol%) in the presence of Cs 2 CO 3 (2 eq.) in DMF afforded the desired disulfanes (5a and 6a) in low yield (entries 1 and 2). There was no reaction in the presence of K 2 CO 3 in DMF; however, substantial progress was seen in toluene and THF (entries 3-5). In the absence of a ligand (1,10-phen) , the reaction proceeded with 5 mol% of CuBr, but there was no reaction with only CuBr and without Cs 2 CO 3 (entries [6] [7] [8] . To our surprise, Cs 2 CO 3 alone afforded the desired disulfanes with improved yields (entries 9-11). A satisfactory yield of diallyl disulfane 5a (49%) and unsymmetrical disulfane 6a (44%) were obtained when the reaction was carried out using 1.0 eq. of Cs 2 CO 3 in THF at 60 C (entry 10). Low yields were obtained with DBU, DABCO, and K 2 CO 3 (entries 12-14) and no reaction was found without a base (entry 15). It is worth noting that our attempts to produce as a single product either 5a or 6a were unsuccessful. With the optimized conditions in hand, the scope of the reaction was further veried and the results are summarized in Table 3 . Pleasingly, the allyl thiosulfonate substrates (3a, d, e, g, h, o/b and 3aa/b) bearing different groups at the para, meta or ortho position of the aromatic rings proceeded efficiently to afford the corresponding allyl disulfanes (5a-g and 6a-h) in good to high yields. The bulky 2-naphthalene derived thiosulfonates (3jb/3ad) were also well tolerated to provide the diallyl disulfanes (5h/a) and unsymmetrical disulfanes (6i/j) in good yields. The ethyl ester derived thiosulfonate (3nb) was also a good substrate to furnish allyl disulfane 5i and 6k in 40% and a All reactions performed on 0.4 mmol of 1a-t (1 eq.), sodium thiosulfonates 2a-d (1.5 eq.) in CH 3 CN (2 mL) at room temperature. b Isolated yields. Reactions performed on a 4 mmol scale for synthesis of 3aa/b and 2 mmol scale for synthesis of 3ba, (3b-e, g-i, k, n, o, q) b and 3ad (see ESI).
35% yields, respectively. But an extension to other thiosulfonates 3kb and 3qb failed to provide the desired allyl disuldes.
Recently, Jiang and co-workers 18 demonstrated the potential application of S-acetyl disulfanes in oxidative coupling with arylboronic acids. In this direction, the allyl thiosulfonates 3(a/ h)b were treated with potassium thioacetate in DMF and the anticipated products (7a/b) were achieved in 88% and 85% yields, respectively (Scheme 3). Sequential one-pot nucleophilic substitution reactions were performed using MBH bromide 1a with sodium thiosulfonate (2b) followed by potassium thioacetate (Scheme 3). The desired product 7a was obtained in 78% yield and this procedure has notable advantages, such as straightforwardness, step-economy and scalability in a one-pot operation (see ESI †).
To gain more insight, the S-aryl arenethiosulfonates (8a and 8b) were treated with Cs 2 CO 3 under the same reaction conditions. Thus, it was found that no reaction representing the allyl moiety played a vital role in the formation of disulfanes. A radical-trapping experiment was also performed with 3ab using TEMPO (2 equiv.) as a radical scavenger under standard conditions. The disulfanes 5a and 6a were isolated in low yields, alongside the TEMPO derived product (9), 4d as detected by HRMS (Scheme 4b). These experimental results indicate that the reaction may proceed via a radical pathway leading to the formation of allyl disulfanes 5 and 6.
Experimental
General procedure-1 (GP1) for synthesis of allyl thiosulfonates A heat gun-dried Schlenk tube was charged with Morita-BaylisHillman allyl bromides 1a-t (0.4 mmol, 1.0 equiv.) and sodium thiosulfonates 2a-d (0.6 mmol, 1.5 equiv.) in CH 3 CN (2.0 mL). The reaction mixture was stirred at room temperature for 2 h and monitored by TLC until it was either complete or appeared to be making no further progress. The mixture was quenched by the addition of water (10 mL) followed by extraction with EtOAc (3 Â 10 mL). The combined organic layers were washed with brine (2 Â 10 mL), dried over anhydrous Na 2 SO 4 , and the solvent was removed under reduced pressure. The resulting residue was subjected to ash chromatography (silica gel, eluted with 20-30% ethyl acetate/petether) to afford the desired allyl thiosulfonates.
Allyl thiosulfonate 3aa
Prepared according to GP1 using 1a (101.2 mg, 0.4 mmol) with sodium benzenethiosulfonate 2a (117.6 mg, 0.6 mmol) to afford 3aa (130.6 mg, 94%) using 20% ethyl acetate/petether as a colorless solid. 8, 144.6, 144.3, 134.0, 133.7, 129.8, 129.7 (2C) General procedure-2 (GP2) for synthesis of allyl disulfanes A heat gun-dried Schlenk tube was charged with allyl thiosulfonates 3 (0.8 mmol, 1.0 equiv.) and cesium carbonate (260.6 mg, 0.8 mmol, 1.0 equiv.) in dry THF (4.0 mL). The reaction mixture was stirred at 60 C for 2 h and monitored by TLC either until it was complete or appeared to be making no further progress. The mixture was allowed to cool to room temperature and quenched by the addition of water (20 mL) followed by extraction with EtOAc (3 Â 30 mL). The combined organic layers were washed with brine (2 Â 20 mL), dried over anhydrous Na 2 SO 4 , and the solvent was removed under reduced pressure. The resulting residue was subjected to ash chromatography (silica gel, eluted with 20-30% ethyl acetate/ petether) to afford desired allyl disulfanes 5 and 6.
Diallyl disulfane 5a
Prepared according to GP2 using 3ab (289.6 mg, 0. 
Allyl disulfane 6b
Prepared according to GP2 using 3db (300.6 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 6b (112.7 mg, 41%) using 30% ethyl acetate/petether as a pale-yellow solid. Mp: 212- 
Diallyl disulfane 5a
Prepared according to GP2 using 3aa (278.4 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 5a (63.2 mg, 19% Â 2 ¼ 38%) using 20% ethyl acetate/petether as a colorless solid.
Allyl disulfane 6d
Prepared according to GP2 using 3aa (278.4 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 6d (83.5 mg, 33%) using 30% ethyl acetate/petether as a pale-yellow viscous liquid. 9, 146.4, 139.4, 133.8, 133.7, 129.8, 129.2 (2C) 
Diallyl disulfane 5d
Prepared according to GP2 using 3ba (341.6 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 5d (98.6 mg, 21.5% Â 2 ¼ 43%) using 20% ethyl acetate/petether as a pale-yellow gum. 
Allyl disulfane 6e
Prepared according to GP2 using 3ba (341.6 mg, 0. 
Allyl disulfane 6f
Prepared according to GP2 using 3hb (341.6 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 6f (112.1 mg, 34%) using 30% ethyl acetate/petether as a pale-yellow viscous liquid. 1, 144.8, 136.4, 134.2, 133.0, 130.7, 130.2, 129.8 (2C), 128.5 (2C), 127.7, 124.2, 123.0, 55.0, 52.6, 21.7 
Diallyl disulfane 5f
Prepared according to GP2 using 3ob (353.0 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 5f (108. 140.9, 135.4, 132.9, 130.6, 130.2, 130.1, 127.4, 124.5, 61.5, 36.1, 14.4; HRMS (ESI) 
Allyl disulfane 6g
Prepared according to GP2 using 3ob (353.0 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 6g (101.3 mg, 30%) using 30% ethyl acetate/petether as a pale-yellow viscous liquid.
1 H NMR (400 MHz, CDCl 3 ) d 7.94 (s, 1H), 7.71 (d, J ¼ 8.3 Hz, 2H), 7.62 (dd, J ¼ 7.7, 1.1 Hz, 1H), 7.56 (dd, J ¼ 8.0, 1.1 Hz, 1H), 7.35 (td, J ¼ 7.5, 0.9 Hz, 1H), 7.28 (d, J ¼ 8. 144.78, 144.76, 136.5, 134.3, 132.9, 130.7, 130.2, 129.8 (2C), 128.5 (2C), 127.7, 124.2, 123.3, 61.8, 55.0, 21.7, 14. 6, 159.8, 142.5, 136.1, 129.8, 128.1, 122.1, 115.4, 114.6, 55.5, 52.4, 37.0 6, 142.4, 133.4, 133.2, 132.3, 129.8, 128.7, 128.4, 128.1, 127.8, 127.2, 126.8, 126.7, 52.4, 37 9, 146.3, 136.2, 135.4, 133.6, 132.1, 130.5, 129.6, 129.5, 129.4, 129.3, 129.0 (2C) 
Allyl disulfane 6k
Prepared according to GP2 using 3nb (300.8 mg, 0.8 mmol) with Cs 2 CO 3 (260.6 mg, 0.8 mmol) to afford 6k (96.5 mg, 35%) using 30% ethyl acetate/petether as a pale-yellow liquid. 1 7, 146.0, 144.8, 136.5, 133.9, 129.7 (2C), 129.6, 129.3 (2C), 128.8 (2C), 128.7 (2C), 121.6, 61.7, 55.2, 21.7, 14.2 
Conclusions
We have successfully developed a convenient protocol for the synthesis of allyl thiosulfonates. A range of aryl/heteroaryl/ aliphatic allyl bromides and sodium arylthiosulfonates were readily assembled to furnish allyl thiosulfonates. Cs 2 CO 3 serves as an efficient reagent for the synthesis of diallyl disulfanes and allyl disulfanes in moderate to high yields under mild reaction conditions. The present methodologies are operationally simple, tolerate a broad range of functional groups and are also reliable in a gram scale reaction for the synthesis of thiosulfonates.
